In order to simulate stratospheric phenomena such as the Biennial Oscillation (QBO), atmospheric general circulation models (GCM) 5 require parameterizations of small scale gravity waves (GW). In the trop-6 ics the main source of GWs is convection, showing high spatial and tempo-7 ral variability in occurrence and strength. In this study we implement in the 8 GCM ECHAM6 a source parameterization for GWs forced by convection.
The vertical extent of condensational heating within a cloud, the heating depth H q , governs the dominant vertical wavelength of the excited waves. Since the vertical wavelength translates to a horizontal phase speed, the heating depth determines the position of the maxima in the phase speed spectrum: Large heating depths generate GW spectra peaking at high phase speeds, whereas small heating depths generate GW spectra peaking at low phase speeds. Being an equally important input variable, the vertical mean heating rate Q 0 strongly influences the overall amount of momentum flux, the wave's amplitude.
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about individual convective events and the associated heating properties, like Q 0 , of these sub-grid scale events. The bulk mass flux scheme rather gives mean heating properties of all single convective events occurring within one gridbox. Under the assumption that the mean effect of all individual convective events is realistically represented by the bulk scheme, we estimate the heating rate in a simple approach as
with Q max being the peak heating rate within the GCM grid box and C F the fraction of 126 convection, which is assumed to be a constant 3.5% of a grid box. We highlight that the 127 heating rate acts strongly nonlinear on the wave amplitudes: B 0 ∝ Q 2 0 , see equation (30) 128
in Beres et al. [2004] . Therefore the heating rate characteristics of the convection scheme,
129
and in particular heating rate distributions at different heating depths, are crucial for the 130 shape of the GW source spectrum.
131
The horizontal wind shear across the vertical extent of the heating governs the asymmetries of the source spectra. The wind shear ∂U ∂z is calculated as the mean background wind relative to the wind at 700hPa height via
with H b the cloud base and H t the cloud top, u(h) the horizontal wind speed projected 132 onto the plane of the horizontal wind at 700hP a, u 700 , which is assumed to act as the with negative phase speeds relative to u 700 dominate the spectrum and vice versa [Pfister 135 et al., 1993] . The reason for this upstream enhancement of momentum fluxes is twofold.
136
On one hand, a mechanism similar to critical level filtering reduces momentum fluxes hand, a mechanism similar to the "obstacle effect" increases momentum fluxes of waves
139
propagating in the opposite direction of the storm-relative mean wind; see Beres et al.
140
[2002] for a more detailed explanation. Given the background wind and density profiles, this concept allows a mapping of a 161 tropospheric spectrum of momentum flux to mean flow acceleration in the layers above.
162
We use a horizontal wavelength λ h = 1000km and an intermittency factor ǫ = 0.003. It would be desirable to be able to identify a single physical input quantity which causes can't isolate a single, unique physical quantity which fully explains the seasonal cycle of B.
240
Besides the seasonality in Q 0 , variability in tropospheric wind shear and other convective 241 properties also contribute to the seasonal cycle in the amount of source momentum flux.
242
In the following two sections however, we individually highlight the two most relevant 243 physical input quantities, the background wind and the convective heating properties,
244
which decisively control the characteristics of the source spectrum. 
Effect of the background wind on the source spectrum
We show the effect of the background wind on the source spectrum for two selected clouds, depicted by the blue curve, whereas the contribution of the more shallow clouds 251 is almost symmetric, depicted by the orange curve in figure 2 (a,c).
252
As outlined in section 2, a positive wind shear produces a source spectrum with domi- The source momentum fluxes show a strong dependence on properties of the convection 
Construction of an EOF analysis

344
We apply an EOF analysis on a monthly (t) based timeseries of meridionally averaged and (c).
348
Due to the high amount of covered variance by the two leading EOF s, the 2-dimensional phase space of the pcs serves as a good proxy for the temporal evolution of the QBO, displayed in 10(d-f). Each point ψ(t) in phase space corresponds to a state of the QBO in a certain month, while in the course of a full QBO cycle, the points form a circle in phase space. Given the circular characteristics of the temporal evolution in phase space, the data points ψ can be represented by polar coordinates with the radial coordinate |ψ|
and angular coordinate φ φ(t) = atan2(pc 1 (t), pc 2 (t))
with the function atan2 being based on the function arctan, but extended to return the 
351
In the case of U, we estimate the progression rate of the QBO phase φ ′ U in month t as the rate of change of the angle φ,
with the units cycle/month. In the cases when the EOF analysis was applied to the 
372
Note that the entire drag in the upper panel of figure 11 is not attained by simply adding and GW propagation parameterization in order to obtain a QBO; we specifically choose 392 the QBO period as the most important target criterion. In this section we focus on two 393 aspects of the source spectrum, the spectral shape and the amplitude, and we evaluate 394 potentials for tuning each of the two aspects in the context of the Beres + AD99 setup.
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To the authors knowledge, this is the first time that an atmospheric GCM produces a progression in both model versions confirms the applicability of the chosen method, figure   506 11(a,c).
507
When tuning the parameterization it turns out that the amplitude of the source spec- 
